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Mapping of the Energy Levels of
Metallophthalocyanines via Electronic
Spectroscopy, Electrochemistry, and
Photochemistry

A B P LEVER. S, LICOCCIA, K. MAGNELL, P. C. MINOR, aud B. S.
RAMASWAMY

York University, Department of Chemistry, 4700 Keele Street, Downsview,
Ontario, Canada, M3J 1P3

The mapping of the energy levels in metallo-
phthalocyanines is accomplished by a combination of
clectrochemistry, electronic spectroscopy, and photo-
chemistry. This chapter revicws the clectrochemical
properties of metallophthalocyanines and includes a
large amount of previously unpublished data. The re-
sults are rationalized in terms of the nature of the elec-
tron transfer, that is, redox at metal or ligand. Well-
defined correlations are shown to exist between the case
of oxidation or reduction of the phthalocyanine ligand
and the oxidation state, andjor polarizing power, of the
metal ion. Solvent and ring substitution effects also are
presented and explained. Charge transfer lransition
encraies can be calewdated directly from these data, and
agreement hetween experiment and theory is excellent.
Finally, the data are used to calculate both the photo-
generated excited state redox cnergies and the ther-
modynamics of quenching by donors and acceptors.

hthalocyanine (MPc) complexes have significant importance for

many reasons, including their similarity to the biologically impor-
tant metalloporphyrins, their classical use as dyestuffs, and their de-
veloping usc as components of various solar energy conversion de-
vices.

Of paramount importance in understanding and predicting the
physics and chemistry of the metallophthalocyanines is knowledge of
the encrgy levels therein. This knowledige can be guined through
study of the clectronic spectroscopy (absorption and emission), elec-
trochemistry, photochemistry (and photophysics), and photoelectron
spectroscopy of these species. In this chapter we address the first three
of these techniques and consider the information obtained from
their use.

The lower excited states (up to at least 35,000 em ') of a wide
range of metallophthalocyanine derivatives can be identified and
mapped. These states vary as a function of the environment (solvent,
axial coordination, ete.), phthalocyanine ring substituent, nature and
size of metal ion, oxidation state, and electronic configuration.
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The excited states may be classified as m—m* and n—n* transitions,
primarily located on the phthidocyanine ring. The ligand (Pc ring) to
wetal charge transfer (LMCT), metal to ligand charge transter
(MLCT), and d —d transitions primarily occur on the metal atom. These
transitions may occur in two spin manifestations. In addition, spin
coupling can occur between metal ion ground state wave functions and
excited state wave functions of the phthalocyanine ring to yield a
range of triplet-multiplets.

The following three sections review progress in the elec-
trochemistry, electronic spectroscopy, and photochemistry of metal-
lophthalocyanines. The data reported for metallophthalocyanines may
be compared usefully with the data obtained for the porphyrins dis-
cussed in Chapter XX in this volume.

Electrochemistry

Many reports (1-18) discuss the electrochemical properties
of the metallophthalocyanines, but only in recent literature
have these data coalesced into a useful working body of know-
ledge.

In general, oxidation and reduction are expected at the metal
center and at the phthalocyanine ring. 1In each case, one or
more electron transfer processes may be observed. Indeed, two
successive ring oxidations and up to four successive ring red-
uctions may occur. Ring reductions are generally electro-
chemically reversible, but ring oxidations usually are not
(at least on platinum). Generally, no more than two redox
processes were characterized at a given metal center.

Identification of the nature of a given redox product usually
is based on electronic spectroscopy and, where relevent, electron
spin rescnance (ESR) spectroscopy (2,9,12). Generally, it is
possible to deduce unequivocally whether a reduction or oxidation
occurred at the metal center or phthalocyanine ring. Phthalocyanine
anion and cation radical electronic spectra are quite distinct from
those of the Pc(-2) species, (12,19) although some confusion may
exist when low-oxidation state transition-metal ions, such as
iron(1), are involved (9).

The higher filled and lowcr empty energy levels of a typical
metallophthalocyanine are illustrated in Figure 1 (20-23). The
two highest filled orbitals of relevance to our discussion are
m orbitals with aj,, [highest occupied molecular orbital (HOMO) )
and a, symmetry, respectively; and the lowest empty ring
orbitgﬁs are the e, |lowest unoccupied molecular orbital (LUMO) ]
and by, i*~orbitals. The metal valence orbitals may be buried
inside the filled phthalucyanine levels, or filled and/or empty
valence orbitals may occur in the HOMO-LUMO gap: in addition, empty
metal orbitals may lie at energies comparable to, or above, the
LUMO phthalocyanine level.

Phthalocyanine redox chemistry may be classified conveniently into
two sections: main groups and transition groups.

Main Group Phthalocyanine Electrochemistry. Redox chemistry in
the main groups is usually quite straightforward; generally the
metal atom center is unaffected, and all observable processes
occur on the phthalocyanine ring. For main group ions that lie
in the phthalocyanine plane, the first ring oxidation (from HOMO)
is separated from the first ring reduction (to LUMO) by approximately
1560 mv (Table I), which is the magnitude of the molecular bandgap.
This value scems Tarpoly unaffected by the nature of the main group
metal, although some deviation mayv occur if the metal is too large
to be accommodated by the phthalocyanine center (14).
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However, the absolute energies of first oxidation or reduction
vary considerably, and depend on the size and charge of the metal
ion. The ease of oxidation or reduction of the phthalocyanine
unit depends on the electric field generated by the central metal
ion. Indeed, there is a clear relationship between the polarizing
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& power of the central ion, expressed as (ze/r) and the redox energy.
| The more polarizing is the ion, the easier it is to reduce the

| phthalocyanine ring, and the more difficult the ring is to oxidize.
3 * A good linear relationship is observed between these quantiiies (14)
3 defined by Equations 1 and 2:

oxidation (ze/E® - 1.410) = —0.012 (1)
reduction (ze/r)(E" + 0.145) = —-0.012 (2)

where the potentials are referenced to NHL and the radii used
originate from Shannon and Prewitt (24). The lines are essentiall
parallel. These data imply a HOMO-LUMO separation of about 1.56 V
independent of the central main group ion, provided it lies in th:
plane (14). This treatment is discussed later.

The second reduction process appeirs, on the average, about 420
mV more negafive than the finst reduction (Table 1) but these potentials
e more scattered and Jess directly dependent on the polarizing
power of the central ion; nevertheless, metallophthalocvanimes with
the more polarizing ions are generally more readily reduced to the
nng dianion. The third- and tourth-reduction processes occur near
17 to = L8 and —2.0 V (Table I) (12) (for both main and transition
swoup dons). These data are displayved in Figure 2. For the first two
reduction processes, the ease of reduction follows the sequence:

Pelty - PeNg(ID - Pe [P N] > PcANTIDX

rhis sequence may be rationalized in terms of increasing negative
charge on the phthidocvaniue hiand when passing from the covalent
NH bond in Pelly, to a fuirly ¢lectrostatic interaction with the elec-
tropositive magnesinm, and finadly to a tull negative charge with the
propy kanmonium salt. For aluminund 1D, the high polanzing power
of this 1on leads to awore covalent interaction and a reduced negative
vharge on the phthaloeyanine ligand. These potentials monitor the
negative charge on the phthalocvanine ligand.

Transition Group Phthalocyanine Electrochemistry. The pres-
nee of a transition inctal jon appears to perturb the redox processes
occurring at the phthalocyanine unit: however, a pattern similar to the
main group species can be discerned. In many cases, one or more
redox processes may oceur at the central ion at potentials ving be-
, tween ring oxidation and reduction. If the solvent, supporting electro-
! lyte, or an added ligand can bind to the axial sites of the metal ion in

one (orwore) of its oxidation levels, then the observed redox potential
often depends markedly on the choice of solvent, electrolvte, or added
hgand.

Table 11 gives data for transition metal ion phthalocyanines where
solvent coordination is not strongly perturbing, that is, in weak donor
solvents, or involving metals that bind weakly along the axis. These

‘. data should be generally interpretable without taking into considera-
tion severe perturbation by solvent effects.
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Electronic and ESR spectroscopy demonstrated that the OTi(IV),
OV(IV), Ni(Il)}, Cu(IT), and Zn(l) species do not undergo redox pro-
cesses at the metal at potentials between ligand oxidation and reduc-

t tion. Iron and cobalt, on the other hand, can form M(1), M(II), and
‘ M) species at these intermediate potentials, that is, oxidation of the

|
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phithalocyanine ligand occurred after the metal was oxidized to M(LD),
and reduction of the phthalocyanine ligand occurred only after reduc-
tion of the metal to M(I). Chromium and manganese phthalocyanines
torm M(I1) and M(III) oxidation states (5-13).

In parallel with main group phthalocyanine chemistry, the ability 1
to reduce a metallophthalocyanine increases, that is, the potential be- '
comes more positive, as the oxidation state of the central ion increases.

This ability can be seen from the data comparisons abstracted from
Table IT and shown in Tables LI, 1V, and Figure 2.
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Not surprisingly, the potentials are similar to those of main group
ions of the same oxidation state and approximate size, although this
fact apparently was not recognised clearly in the past. Because the
spread in potentials for a given metal oxidation state is remarkably
sumall, and there is a clear enough separation between the ranges for at
least the first and second reduction, the potentials generally can be
used diagnostically to identify the oxidation state of the central transi-
tion metal ion.

Most oxidations of the phthalocyanine ring in transition metal
phthalocyanines are electrochemically irreversible, obscuring oxida-
tion state trends. Trivalent and tetravelent transition metal phthalo-
cyanines generally oxidize a little above 1.0 V; this trend is also
true for the more polarizing divalent ions, nickel(I1) and copper(1I).
Pc(—2)Zn also oxidizes near 1.0 V while the earlier first row transition
metal phthalocyanines oxidize at slightly more negative potentials.

Solvent effects on these ligand redox potentials are small. How-
ever, solvent effects on metal redox process potentials can be extraor-
dinarily large. Table V gives the runges for various redox processes as a
tunction of solvent and/or supporting electrolyte. The cffect of solvent
depends clearly on the clectronice configurations of the species in-
volved, and the effect of supporting electrolyte depends on whether

there is binding of the anion to either component of the couple. 1
The iron(I11)Yiron(I) and cobalt(111)/cobalt(II) couples both involve

low spin d*/d* configurations. Strongly binding axial ligands (solvent ?

molecules) destablize the z¢ electron (in d7) and favor oxidation to the

low spin d* species. Thus, in both cases the potentials shift negatively i

with increasing donor strength of the solvent, which follows the order
DMA = DME - DMSO < pyridine (3) 1

where DMAL DMFE and DMSO represent - dimethylamine, dimethyl-
tormamide. and dimethy @ sulfoxide, respectively.

Indeed, there is a linear correlation of these potentials with Gut-
mann Donicity Number (25) of the solvent (8). The cobalt(11)/cobalt(I)
couple (low spin d"/d") also shifts negatively with increasing donicity
of the solvent, probably because axial binding to the square planar d*
cobalt(l) is weak or noncxistent. The iron(I11)iron(11) couple (low spin
&*1d*) however, shows the opposite trend shifting positively with in-
creasing donicity of the solvent (8, 9). This fact best can be explained ]
by synergism, where stronghy coordinating axial ligands favor back
donation by the low spin d* ion into phthalocyanine m-aceeptor orbi-
tals. Back donation in iron(1D) is weaker hecanse of the greater charge
o the metal Tuble Voshoss that these solvent effects can be quite
dramatic: For example, o solution of won(1) phthalocvanine in
py nedine contarmmg chdonde son s ane stable, bat a similar solution in
DNA o DME with chloide wn rapidly air oxidizes to iron{l11)
phthadocyanine
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Morcover, if cyanide ion is added to a
solution of tetrasulfonated iron(11) phthalocyanine, the iron(I1) state is
stabilized to a remarkable degree (Table V) through axial coordination
of cyanide ions. Indeed, unsubstituted iron(I1) phthalocyanine is solu-
ble in water if evanide ions are present (5). Even more remarkable
stabilization of iron(Il} is seen when imidazole is used as an axial
ligand (Tuble V) (7).

When a series of substituted pyridines were used as solvents (&),
Loth the cobalt(ID/cobalt{I1} and cobalt(II)cobalt(I) couples shifted
vegatively with increasing pK, of the solvent. This result may be ex-

plained in terms of the Drago 1 and C model (26) given that for this
series the efectrostatic component, 14, is changing while the covalent
component, C, remains roughly constant, an observation in agreement
with sinilar porphyrin redox data (27). An isteresting solvent effect is
observed when cobalt{Il) Pc is oxidized to cobalt{Itl) Pe. Because the
latter species has a very strong propeunsity to be hexacoordinated with
two axially bound solvent molecules, the oxidation potential is clearly
solvent dependent. In a noncoordinating solvent such as dichloroben-
zene, a hexacoordinated cobalt(I11) species cannot be formed. Under
these conditions, the Co(III) Pc/Co(ll) Pe couple shifts positively to a
considerable extent, such that the initial oxidation of the species is to
form a cobalt(IT) phthalocyanine cation radical (16). When pyridine is
added to such a solution, a cobalt(111) species apfently is formed.
Preliisinary data for chromjum(IIl) phthalocyanines reveal in-
creased stabilization of chromium(lD with strong donor solvents. This
eftfect could be due to stabilization of the low spin d* chromium(L)
through back donation to the phthalocyanine ring. However, further
data are necessary to understand this phenomenon, especially as a
similar stabilization of low-spin d* manganese(11) phthalocyanine ap-
parently is not evident (Table V). Some data exist coneerning the effect
of ring substitntion on redox energies (see Table 11): however, signific-
antly less so than in the porphyrin series (28). Generally, electron
donors favor ring oxidation and distavor ring reduction. An interesting
comparison exists for sulfonic acid substitution where the neutral acid
form of TsPceFe(111) reduces at —0.40 V [vs. normal hydrogen electrode
(NHE)] while the sodinm salt, with four negative charges on the
periphery of the molecule, does not reduce until —0.67 V (5). The
second reduction is similarly, but a little less markedly, effected. For
substituents sueh as chloride, methyl, terthutyl, sulfonic acid, car-
boxylic acid, and others, the shitts in redox energies (except for special
wises such as just indicated where the charge on the ring is modified)
rarcly exceed 100 mV,
Electyonic Spectruscopy
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Cotlerman ot al. 20) ﬁ?;{,t detailed the electronic structure of
inctallophthalocyanines, showing that the: two principal bands (both
'E, «'Ay) (for $ =0 metal ions) in the visible spectrum of all
phthalocyanine (- 2) species could be assigned as @y, (7) = ¢, (7%) (Q
bund near 600 nm) and 4g. (7) — €4 (7*) (Soret band near 350 nm).
Unlike the porphyrin system (28), the a,, and 8y, orbitals are fairly
well-separated in energy, and these two transitions do not, therefore,
mix appreciably. Emission data reveal that the spin triplet component
of the Q band lies about 5000-5500 ¢cm ™ below the spin singlet (29).
Lu systems lacking charge transfer absorption, such as most of the main
group species, itis this spin triplet state that is likely to he photoactive
when the plithaocyanine is atilized as a photocatalyst. The 'Q state
(horescence) bias a hiletime of only o few nanoseconds, while the
topletstate Ietine is i the mictoseeond=-millisecond region at liquid
nitrozen fempebne (29.30) Where paramagnetic ions such as cop-
per(l) are concerned, tns lowest stiute most bikely is a triplet-
muftiplet, lying at voughly the same energy as *Q (28, 31).




l However, the situation can change dramatically when charge
trausfer transitions are present. Such transitions oceur whenever metal
d-levels lie at energies inside the HOMO-LUMO bandgap of the

\ phthalocyanine (or close to, butabove the LUMO energy). Such transi-
tions were discussed in depth (37) and only a summary of these data is
provided here.

With moderately oxidizing ions such as manganese(II1) and
chrominm(I1), charge transter absorption from both the phthalo-

; cyaning dyy and day orbitals into efd) orbitals on the metal is allowed

electronically and observed readily. the former transition lying in the

near IR region (Figure 1, Table VI).

Consider tne charge transfer transition:

} Pe(—2)(aw F Cr(1IDd* = Pe(~ 1){(an)Cr(11)d!

labeled LMCTI in Figure 1. This reaction may be construed as the
sum of two redox processes, viz:

L Pe(—2)(@*Cr{lIDd? + ¢~ = Pe(- 2)(a,)*Cr(11)d? (4)
Pe(=2)(an)*Cr(I1)d* = Pe(— 1)(a)Cr(11)d* + e~ (5)

whose potential$® [-0.40 and —(+0.70)V] can be summed to yieid a
transition energy of 1.10 eV, that is, a predicted charge transfer energy

LS 2 L

o or 8870 em™', in satisfactory agrecment with an observed transition at
‘ 7900 em™'. Both chromium(III) and manganese(I1I) exhibit charge
transfer bands in the near 1R region, although for manganese{l) and
;! chromium(11) species these LMCT bands are bluce-shifted to approxi-
- mately 11,000 em™ . A treatment similar to the one indicated in Equa-
b tions 3-5 allows prediction of the energics of these charge transfer

transitions generally to within an accuracy of about 1000 em™
'rahle VI
! Further proof of the assignment is obtained by location of a second
: chinge trwsfer band (LMCT2), arising from agy to ¢,(d) (Figure 1),
Iving betsween the Q and Soret hands, Most significantly, the energy
separation between these two charge transfer bauds is almost exactly
b equal to the energy separation between the Q and Soret hands (31).
Virtually all the anticipated LMCT bands in the lirst-row transition
wetal phthaloeyanines can be assigned and calculated by this simple
procedure. MLCT band energies also can be caleulated, but appear to
be too weak to be observed. The energies of orbitally forbidden LMCT
transitions also can be derived by this technique, allowing the pre-
| sumed detection of states that cannot be observed directly by elec-
tronic spectroscopy (see Table VI).

Surprisingly, sucly a simple relationship between electronic ab-
sorption bands and redox potential energies is successtul. Evidently,
the entropy differences between the various components of the couple
are vory small, Morcover, the LMCT transitions appear to be (0-0) in
vibrational character, eliminating another possible source of disagree-
ment between calculated redox energy and observed data (31). Prece-
dent for such agreement between charge transter energies and sums of
redox potentials exists (32, 33). Because these LMCT transitions fre-
quently lic at energies below the  band, they (or higher spin versions)
are likely to be photochemically active. However, lifetime data are not
yet available.

Hence, a combination of electronic absorption spectroscopy and
electrochemical measurement can map the energy levels of a metal-
lophthalocyanine with considerable accuriaey, and provide a measure
of the redox potentials of the various excited states, information of
considerable value in understanding  photochemical behavior. Al-
though tew heavy transition metal ion phthalocyanines have been in-
vestigaed to date, their hehaviot is not eapected to viny greatly from
the detinds presented i this chapter (provided the metals lie inside the
phthalocy anine macrocyele ring). In general, their d-levels will be
buried below the phthalocyanine HOMO level and redox processes at
the metal are — . ' T

1
!
;
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Photochemistry

A range of ain group, first row, and later transition metal ions
were sereened recently for their ability to generate reduced methyl
viologen (MV") when irradiated (into the Q band) in the presence of
methyl viologen (MV2*) and a donor such as triethanolamine (34).
Specics containing Mg, TiQ, Cr{1l), Fe(l1), Zn(11), Rh(111), and Ru(Il)
generated reduced nicthyl viologen, albeit in small yield (<.01%).
Other metal ions, specifically VO, Cr(111), Mn(III), Fe(III), Co(ll),
Ni(ID), and Cu(ll) did not generate reduced methyl viologen under
similar conditions.

TIons with low lving (near IR) LMCT bhands clearly were photo-
chemically inactiv ¢ becanse much of the excitation energy was lost by
intersystem crossing from the @0 band to the Jow Iving LMCT band.

Several mechanisms are possible by which reduced methyl violo-
gen (MV) might be produced. Specifically, reductive quenching of the
excited state of the photocatalyst (¢*) by the donor, vielding ¢, could
result in formation of MV* by reaction of MV?* with ¢ in a following
thermal reaction. Alternatively, ¢ could be gquenched oxidatively by
MV?2? yielding MV™* directly, together with ¢, which could then return
to the ground state ¢ by a thenmal reaction with the donor.

Detailed kinetie studies, not yet undertaken, are necessary to de-
duce unequivocally which mechanism is ocenrring

Given the ground state redox data discussed in the section on
clectrochemistry, together with the electronic absorption data given in
the section on electronic spectroscopy. the redox potentials of the ex-
cited states. ¢, can be derived (3537} Thus, it Eq, {in clectron volts)
is the equilibrated excited state energy of the lowest, photochemically
active, excited state of the photocatalyst, then the redox potentials
involving ¢* are:

¢tie* = e — Een (6)
crle = ¢Tle + Ep (7

These equations should be fairly accurate provided
that the entropy differences between ground and excited
states are small, as apparently is the case.

With these data, it is clearly possible to calculate
the thermodynamic driving forces for the various excited
state and ground state reactions, discussed above. When
this is carried out [34] the complexecs are readily divided
into two sets, one in which the thermodynamics of one or
more processes make most unfavourable the production of
reduced methylviologen and one in which the thermodynamics
are less unfavourable or even slightly favourable. Exper-
imentally the inactive metallophthalocyanines clearly belong
to the former set, and the active species to the latter
set. In no case, however, studied so far, are the thermo-
dynamics for the formation of reduced methylviologen
strongly favourable explaining, in part, why the yields
have not been high for these species.
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Kinetic phenomena, that is, suppression of otherwise
thermodynamically favourable back reactions, play a
dominant role in determining which catalysts are suit-
able and which are not. It is equally clear from this
investigation [34] that studies such as those shown in
the "electrochemistry’ and "electronic spectroscopy"
can provide a sound basis for understanding photo-
catalytic behaviour and can influence the design of
future catalysts. Growing interest in the use of
metallophthalocyanines in solar energy conversion
attests to the potential value of such catalysts (2,15,
34,38-43). Such data are also of significant value in
understanding biological photoredox behaviour, especially
events occurring during photosynthesis.
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Table 1. Main Group Mectallophthalocyanine Electrochemistry

Complex Solvent” ot tiet tle cle™ o o Tl STt Reference
PeSi(IVR" DMF -0.30 -0.895 14
PeAl(U)C] DMA 1.39 -0.26 16

DMF -0.29 -0.74 -1.18 -1.74 12
DMF 1.155 -0415 twe, 14
DMF 1.18 -0415 -0.86 6
DMF 1.15 -0.42 15
PeGa(111)(C1 DMF 1.105 -0.495 -0.895 tw, I4
Peln(iCl DMF 1.070 -0.475 -0.710 4
DMF 1.080 -0.41 15
PcMg(ll) DMF 0.94 -0.71 16
DMF -0.67 -1.15 -1.90 -2.34 12
DMF 1.50 0.89 -0.68 -1.04 tw, 14
DMF 1.50 0.85 -0.725 6
DMA -0.72 15
PeCdill) DMF 0.78 -0.93 tw, 0, 14
PcHg(Il) DMF 0.49 -1.06 14
d DMF 0.490 - 1.065 tw
N PePhll) DMF 0.91 -0.48 -0.770 9, 4, 15
PeBadll) DMF 1.01 0.695 -0.250 -0.840 tw
PeNad DMF -0.82 15
P (PRA)Y! -1.00 -1.31 -1.71 -1.95 12
PcH, CIN 1.34 10
DMF 0.865 -0.58 15
DMF -0.42 -0.82 -1.69 -1.99 12
ThPcH, CHC 1.18 0.865 -0.58 -0.95 44
TsPcll, DMSO 1.1 -0.285 -0.73 -1.57 11

Note: Data qc:__:_ni off to 5 1:V. Redox patentials, Eyyg, vs. NHE.

“R = O-r-Amyl

_o Sulvents: DMF, dimethylformamide; DMA, dimethylacetamide; DMSO, dimethyl sulfoxide; CIN, chloronaphthalene; CHC, dichluro-
methane.

“ tw, this work.

? PRA, N-propylanmonium cation.

* two-clectron oxidation.
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( Tuble I1. Transition Metal Phthalocyanine Redox Potentials in Weakly Coordinating Solvents vs. NHE
-~ - m ~ - . -— .
\\ o forele®i Electronic spectrum ©-91 t 32 ol
Complex O Band Soret cttict ctic cle” clct Reference
ThPcTIAV)O 14.43 28.33 1.09 -0.275 -0.780 tw '
TbhPceVAV)IO 14.31 29.00 1.18 -0.335 -0.840 tw ;
TbLPcCr(1]) 14.82 28.74 0.945 -0.630 -1.115 tw ;
TsPcCr(11N 14.37 28.09 0.75? -0.155_ -0.760 tw !
ThPecMn(11OAC 13.97 27.17 0125 ~-0.650 tw \
PcMn(1l) 15.15 0.100 -0.450 3 i
TdPcFe(Il) 14.81 27.93 0.84 tw
PeFe(d 0615 Q310 -0.93" 2
= PeCott 14.88" 28.7.4" -0.130 - LI6Y 10
PcColll) 1.0.4% 0.04 16
\ TaPeCo(ih 1.08 0.64" 0.005 -1.05 tw
- ThPcCo(ll) 1.40¢ 0.88¢ 16
) PeNi(Il) 14.90" 28.49" 1.29% -0.61" -(.99" 10
TsPeNil) 1.19 —0.465 ~0.90 tw, 18
PeCu(ll) 14.75" 28.57" 1.220 -0.600° ~0.94 10
TbPcCull) -0.675 -1.10 tw
TsPcCu(ll) 1.13 -0.510 -0.90 tw
TsPcCulll) I.11¢ -0.495 ~0.875 11
PcZu(ll) 14.68° 0.92? -0.65 -1.09 9, 10
PeZa(ll) 1.02 -0.56 16
PeRu(1)CO(Py) 15.7¢ 29.247 1.157 13
PcRu(I1)(Py). 16.10 31.75¢ 1.01° 13

Note: All datiare reported in DMF with TEAP or similar perchlorate supporting electrolyte except those annotated as follows. The letter
¢ represents the complex listed in the left column. Underlined data represent metal oxidation or reduction, otherwise the phthalocyanine s
oxidized or reduced. It does not follow therefore that cach columa represents the sime oxidation state for each complex. ThPc, TsPc, and TdPc
refer, respectively, to tetra-t -butyl-, tetrasulfonyl-, and tetradodecylsulfonamidophthalocyanines.

* Dimethylacetamide solution.
* Chloronaphthalene solution.
¢ Two-electron oxidation.

4 Irreversible.

* Dichlorobenzene solution.

’ Dichloromethane solution.
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Table 111. Potentials, vs. NRE, for the First Reduction of the
Phthalocyanine Ring as a Function of Central Ion Oxidation State

Pc(-2)M(1V)O/

Pe(-2)Mcl1)/ Pc( -2)M(1)/

B I o, < e et e D0 e

Complex Po(~3)M(IV)O Pe(—3)M(11) Po(—3)M(1)
TbPcVO -0.275
TbPc¢TiO -0.335
i TbPcCr -0.630
i TsPcCr -0.760
ThPceMn -0.650
TsPcMn -0.475
PcMn -0.450
PcFe -0.930
! TsPcFe -0.840
PcCo -1.16
TsPeCo -1.050
PeNi -0610
TbPcCu -0.635
PcCu -0.600)
feZn -0.650

Note: see Table 11 for references to the literature and abbreviations. In general,
w potentials show little solvent dependence. :

Table IV. Second Reduction Process for Transition
Metallophthalocyanines

Po(=3)M(1V)O/ P =3)M(11)/ Pc(=3)M(1)/
Complex P —4)M(1V)O Po( —4)M(II) Po(~4)M(1) Ref.

m TLPcTIO -0.780 tw
4 TbLPcVO -0.840 tw
TbPcCr(I1) -1.115 tw

- 4 PcMn(I1} -1.22 3
-1.26 12

: TsPcMn(11) -1.115 tw
4 TsPcFe(Il) -1.27 tw
PcFe(11) ~132 12

PcCo(Il) ~1.56 12

PeNidIl) 12

TsPeNi(II) —-0.925 (- 1.69) 11

- tw
PcCu(ll) 12

TsPcCu(ll) -0.870 (- 1.655) 11

3 ThPcCu(ll) tw
3 PeZn(1l) 12

(-1.82, -2.44)

:.:57%.“:.”»“.5_?.““"”.,T_U_a: Lﬂmrrqm,\.w::zm. Bracketed data refer to successive reduc-
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Table V. Solvent Effects on Transition Metallophthalocyanine/Redox Potentials vs. NHE

Py -
Metal lon m&cn:mvﬁ. \X

ctle clc
PcCr(I1) DMF/Py +.04/-.155
PecMn(11) DMF/DMSO/Py 0.045/-0.10 -0.45/-0.575
PcFe(l)) DMF/DMSO/Py 0.90/-0.085 -0.31/-0.845
TsPcFe(ll) DMSO/KCN -0.98
PcCo(11) DCB/DMF/DMSO/Py/4-EtPy 0.88/0.24 -0./-0.7

€Nt Supporting clectrolytes include tetraatkylammonium chlorides, bromides, and perchlorates.

bounduries tor observed potentials. These data include tetrasulfonated and tetra-t-butyl
DAMSO, dimethyl sulfoxide; Py, pyridine; DCB, o-dichlorobenzene.

Table V1. Observed and Calculated Charge Transfer Data (DMF)

Observed Cualculated
Energy Energy
Caomplex (cm™) (em™) Assignment®

TsPcCr(1l) 11,780 11,935 LMCT1
? 13,710 MLCT?2
25,510 24,925 LMCT2
TsPcCr(11]) 7,900 8,870 LMCT1
20,080 22.590 LMCT?2
? 23,710 MICT2
PeMugtl) 10,910 10,970 LMCT1
? 15,725 MLCT2
26,300 26,180 LMCT2
ThPcMu(1I1) 7,630 6,535 LMCT1
20,120 19,740 LMCT?2
? 22,100 MLCT2

“ The charge transfer transitions concerned are i — ¢(d) LMCT1; a5, — ¢,(d)

-1.10/-1.28
-0.87/-1.085

-1L11/-1.18

Numbers indicate Eﬁxﬁ and lower
erivatives Solvents: DMF, dimet

LMCT2 and ¢g(dd) = biu{m*) MLCT2 (31). The counterion for chromium(111) is a sulfonic

acid residue, and for manganese(111) it is acetate.

Figure 1 A simplified energy level diagram \.:. « metallophthalo-
cyanine. LMCT and MLCT are ligand to metal, and metal to ligand
charge transfer transitions, respectively.

Figure 2. Sketch of the variation in first-, second-, third-, and fourth-
ring reduction potentials as a function of metal ion and oxidation
state. All data vs. NHE.

Reference
tw

tw, 8

ylformamide;
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